The hypocretins (HCRT-1 and 2), also called orexins, are unique hypothalamic peptides that have been implicated in many physiological functions including sleep-wake regulation. [1] [2] [3] [4] In the brain, HCRT-expressing neurons are predominantly localized in the perifornical, dorsomedial, and lateral hypothalamic area (PF-LHA). [5] [6] [7] [8] Much evidence suggests that HCRT system promotes and stabilizes waking with concomitant suppression of non-rapid eye movement (nonREM) as well as REM sleep and associated muscle atonia. HCRT neurons are active during waking, especially during active arousal, and are quiescent during nonREM and REM sleep.
INTRODUCTION
animals. 8, [14] [15] [16] [17] [18] HCRT neurons project widely to brain structures implicated in sleep-wake regulation, especially to those regions that are involved in arousal and motor control, where HCRTs exert excitatory effects via two G-protein coupled receptors, viz., HCRT-1 and HCRT-2 receptors, to promote waking. 1, 4, 8, [19] [20] [21] In the PF-LHA, HCRT neurons are intermingled with various other neuronal groups including neurons expressing glutamate, a major excitatory neurotransmitter. 22 In addition, PF-LHA also receives glutamatergic afferents from other brain areas including the basal forebrain and several hypothalamic and brainstem regions. 19, [23] [24] [25] Evidence suggests that glutamatergic neurons within the PF-LHA are also involved in the promotion and/or maintenance of waking and that this glutamatergic action, in part, may be mediated via mutually excitatory interactions between HCRT and glutamatergic neurons. For example: (a) local glutamatergic activation of the HCRT field by microinjections of L-glutamic acid or N-methyl-D-aspartate (NMDA) elicit arousal or arousal-related behaviors including locomotion, rearing, feeding and drinking and suppress nonREM/REM sleep 26, 27 ; (b) moderate to high levels of glutamate receptor genes as well as proteins and vesicular glutamate transporter-2 immunoreactivity have been reported in the PF-LHA [28] [29] [30] ; (c) majority of HCRT neurons express mRNA for the vesicular glutamate transporters or co-express glutamate 31 and glutamate is also co-released from the terminals of HCRT neurons 30, 32 ; and (d) glutamate release in the PF-LHA increases rapidly with waking onset. 33 In vitro pharmacologic evidence suggests that glutamatergic synaptic input to HCRT neurons, at least partly, contributes to the HCRT neuronal excitability, 34 which in the intact animal potentially activates other wake-promoting regions leading to the promotion of waking and suppression of nonREM/REM sleep. While the HCRT-glutamatergic interactions potentially play a critical role in maintaining a high level of HCRT neuronal excitability during waking, especially active waking, the contributions of this interaction to sleep-wake regulation in freely behaving animals are not known.
In this study, we determined whether a lack of HCRT signaling in prepro-orexin knockout (HCRT-KO) mice attenuates or compromises the wake-promoting ability of the PF-LHA glutamatergic activation, thus affecting sleep-wake regulation. We used reverse microdialysis to deliver NMDA into the PF-LHA of HCRT-KO and wild-type (WT) mice to evaluate the contributions of glutamatergic versus HCRT signaling in sleep-wake regulation. Our findings indicate that, while PF-LHA glutamatergic activation in both WT and HCRT-KO mice induced prolonged behavioral arousal with concomitant decreases in nonREM and REM sleep, the magnitude of effects were significantly attenuated in HCRT-KO mice. In HCRT-KO mice, the frequency of behavioral arrest or cataplectic events increased significantly during NMDA-induced behavioral arousal, whereas no such event was observed in WT mice.
EXPERIMENTAL PROCEDURES
Experiments were conducted on 2 groups of male mice; prepro-hypocretin mutated C57BL/6J-129/SvEv (HCRT-KO) and their wild-type (WT) littermates. The C57BL/6J-129/SvEv mice were generated as reported previously, 35 were maintained as heterozygotes, and crossed to obtain null mutants (KO). The genotype of HCRT-KO mice was confirmed by polymerase chain reaction using the previously described method. 36 The mice were maintained on 12:12h light: dark cycle (lights on at 08:00), an ambient temperature of 24 ± 1°C, and with food and water available ad libitum. All experiments were conducted in accordance with the National Research Council Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Research Committee of the Veterans Affairs Greater Los Angeles Healthcare System. Mice used in this study were 3-4 months old at the beginning of the procedures.
Surgical Implantation
Under surgical anesthesia (ketamine + xylazine: 80:10 mg/ kg; i.p.) and aseptic conditions, electroencephalogram (EEG) and electromyogram (EMG) electrodes were implanted for polygraphic monitoring of sleep-waking states in 12 WT and 8 HCRT-KO mice. A microdialysis guide cannula (CMA-7, CMA/Microdialysis, USA) was stereotaxically implanted such that its tip rested 2 mm dorsal to the PF-LHA (AP −1.5 to −1.8 mm; L 0.8 mm; H 6.0 mm) 37 and was blocked with a stylet. Mice were allowed to recover from the surgical procedure in their home cages for 7-10 days and then connected to the recording cables to acclimatize them to the recording procedure for additional 7 days before the start of the experiments.
Experimental Protocol
At least 12 h before the experiments, the stylet of the microdialysis guide cannula was removed and a microdialysis probe (CMA/7, semipermeable cuprophane membrane tip length, 1 mm; outer diameter, 0.24 mm; molecular cutoff size, 6 kDa; CMA/Microdialysis, USA) was inserted through the cannula into the PF-LHA, secured, and flushed with artificial cerebrospinal fluid (aCSF; composition in mM, 145 NaCl, 2.7 KCl, 1.3 MgSO 4 , 1.2 CaCl 2 , and 2 Na 2 HPO 4 ; pH, 7.2) at a flow rate of 1μL/min. The probe was implanted such that the estimated diffusion area of the semi-permeable membrane was within or predominantly included the HCRT neuronal field. The time taken by the aCSF solution to travel from the reservoir to the tip of the probe was precisely calculated.
Data Acquisition and Drug Delivery
Studies suggest that within the PF-LHA, HCRT and glutamatergic neurons exhibit minimal activation during lights-on phase when rats spent significantly more time in sleep. [38] [39] [40] Therefore, the effects of glutamatergic activation in the PF-LHA on sleepwakefulness in HCRT-KO versus WT mice were studied during lights-on phase to maximize the salience of the effects.
The EEG and EMG activities of each animal were recorded continuously, starting 1 h after lights-on, for 7 h either with aCSF perfusion (control) or during perfusion of aCSF for 2 h as a baseline, followed by 250 or 500 µM of N-methyl-Daspartate (NMDA) for 3 h, and followed again by aCSF perfusion for 2 h as recovery. Each animal was subjected to all 3 experimental conditions. NMDA was dissolved in distilled water at 100 mM concentration and then the stock solution was diluted to 250 or 500 µM concentrations in aCSF for perfusion. The sequence of aCSF or NMDA treatments was switched among animals. Amplified and filtered EEG and EMG signals were continuously digitized and stored on the hard disk of the host computer with the use of an integrated computer interface device (Cambridge Electronic Design 1401; supporting software, Spike 2; London).
Histology
At the end of the experiment, under deep anesthesia (100 mg/kg, i.p., pentobarbital) mice were perfused transcardially with 10-15 mL of 0.1M phosphate buffer (pH 7.2) followed by 50 mL of 4% paraformaldehyde in phosphate buffer. The brains were removed and equilibrated in 10%, 20%, and finally 30% sucrose until they sank. Horizontal sections through the PF-LHA were freeze-cut at 30 μm thickness and alternate sections from the series of sections spanning the probe tract were immunostained to reveal HCRT-1 proteins. 40, 41 For HCRT-1 immunostaining, first, sections were washed in Tris-buffered saline (TBS) and then incubated in rabbit anti-HCRT-1 (orexin-A) antibody (1:1000, Calibiochem, USA) for 40-48 h at 4°C. The sections were then incubated in biotinylated goat anti-rabbit IgG (1:500 Vector Laboratories, USA) for 2 h, followed by incubation in ABC (1:250, Vector Laboratories, USA) for 2 h, and then developed with 3,3'-diaminobenzidine producing a brown reaction product for visualization. Two sections from each brain were treated as above, except for the omission of HCRT-1 primary antibody to control for nonspecific staining. Finally sections were rinsed in Tris (3 ×10 min) followed by TBS. The sections were mounted on gelatincoated slides, air dried, dehydrated, and cover-slipped. Experiments were run in groups of WT and HCRT-KO mice, and brains obtained from WT and HCRT-KO mice were processed together for immunostaining to avoid any staining-related discrepancy. Locations of microdialysis probes were histologically confirmed ( Figure 1 )
Data Analyses
Sleep-wake profiles of animals were scored manually in 10-s epochs in terms of active waking (AW), quiet waking (QW), nonREM, and REM sleep using standard criteria. 42 Cataplexy was scored based on the criteria established by the International Working Group on Rodent Models of Narcolepsy 43 and included atonia with EEG theta activity that was immediately preceded and followed by active waking. The sleep-wake data during the 3 h of aCSF/NMDA treatment were compared with the data obtained during 2 h of baseline and 2 h of recovery period for WT and HCRT-KO mice. The level of significance among different treatment conditions was determined by using one-way repeated measures ANOVA followed by pairwise multiple comparisons using StudentNewman-Keuls method. We found that 500 µM of NMDA was effective in both WT and HCRT-KO mice. Therefore, we compared changes in sleep-wake parameters in response to 500 µM of NMDA in HCRT-KO versus WT mice using one-way ANOVA.
RESULTS

Site of Drug Delivery
The locations of the microdialysis probes along with the outlines of membrane that were used for perfusing aCSF/ NMDA are shown in Figure 1 . These probes were localized mostly in the PF-LHA and adjoining areas between AP −1.5 to −1.8, 37 areas where clusters of HCRT neurons, as evident from the HCRT-1 immunostaining in WT mice, are localized. In earlier studies we found that perfusion of bicuculline or serotonin at 2 µL/min (double the rate used in this study) into the PF-LHA 40, 41 affected Fos-IR in 500-750 µm radius around the probe. Therefore, it is likely that the diffusion field in this study was relatively smaller (~250-400 µm area); and based on the probe locations, it is likely that the affected areas perfused by NMDA included the perifornical area, portions of dorsomedial and ventromedial hypothalamic area, lateral hypothalamic area, and ventral zona incerta.
Effects of NMDA on Sleep-Wakefulness in WT Mice
The effect of 2 doses of NMDA vs. aCSF into the PF-LHA on sleep-wakefulness was studied in a group of 12 mice, in which each animal was subjected to all 3 treatments. Of these mice, in 5 cases probe locations were either not within the HCRT zone or included minimal portions of the HCRT zone of the PF-LHA; therefore, these mice were used as a control for site specificity. The sleep-wake profiles of mice perfused with aCSF (n = 7) and NMDA (250 µM, n = 6 [one mouse exhibited unusually high waking during baseline and was not included in analysis] and 500 µM, n = 7) into the PF-LHA on percent time (mean ± SEM) spent in waking, nonREM, and REM sleep during the 7-h recording period including 2 h of baseline, 3 h of treatment, and 2 h of post-treatment conditions are shown in Figures 2 and 3 . Overall, aCSF treated mice spent a significant portion of the recording time in sleep (nonREM sleep, 66% ± 2% and REM sleep, 9% ± 1%) during the 7-h recording period with comparable amounts of waking, nonREM, and REM sleep during pre-treatment (baseline), treatment, and post-treatment time-slots assigned for NMDA experiments. The sleep-wake profiles during pre-and posttreatment periods in both aCSF and NMDA treated groups were comparable. However, during NMDA perfusion, mice spent significantly more time in AW (F = 35.370; P < 0.001) and less time in nonREM (F = 43.896; P < 0.001) and REM sleep (F = 12.939; P < 0.001). While both doses of NMDA were effective, behavioral changes, i.e., increases in AW with concomitant decreases in nonREM and REM sleep, induced by 500 µM NMDA were significantly greater than that induced by 250 µM of NMDA treatment. As compared to aCSF or baseline control, neither dose of NMDA affected QW. The sleep-wake profiles of animals where NMDA perfusion was not in the HCRT zone of the PF-LHA exhibited minimal changes during NMDA treatments and were comparable to Bars represent actual reconstructed probe lengths and its dorso-ventral locations; gray bars are those cases that were not considered to be within HCRT zone; blank and solid bars represent probe locations in HCRT-KO and WT mice, respectively, that were considered to be in HCRT zone.
those observed in aCSF treated animals across the experiment (Figure 3) .
During NMDA perfusion into the PF-LHA, mice exhibited significantly longer bouts of AW (52.0 ± 8.2 s [aCSF] vs. 266 ± 116 s [250 µM NMDA] and 720 ± 201 s [500 µM NMDA]; F = 7.712; P < 0.001) with concomitant shorter bouts of nonREM (156 ± 16 s vs. 89 ± 13 s and 39 ± 12 s; F = 6.498; P < 0.001) and REM sleep (65 ± 6 s vs. 39 ± 15 s and 16 ± 7 s; F = 7.815; P < 0.001). Although the frequency of AW episodes during NMDA treatment were comparable to that observed during aCSF treatment (12 ± 1 vs. 17 ± 3 and 13 ± 6; P = 0.463), the number of nonREM (18 ± 2 vs. 11 ± 3 and 2 ± 1; F = 7.649; P < 0.001) and REM sleep episodes (5.6 ± 0.4 vs. 1.2 ± 0.5 and 0.5 ± 0.3; F = 10.965; P < 0.001) decreased significantly.
Effects of NMDA on Sleep-Wakefulness in HCRT-KO Mice
The effects of 250 µM and 500 µM of NMDA into the PF-LHA on sleep-wakefulness were studied in 8 HCRT KO mice. Of these mice, probe locations in 3 cases were predominantly not within the HCRT zone of the PF-LHA, and thus these animals served as control for site specificity. The sleep-wake profiles of mice perfused with aCSF vs. 250 µM and 500 µM of NMDA into the PF-LHA on percent time (mean ± SEM) spent in waking, nonREM, and REM sleep during the 2 h of baseline, 3 h of treatment, and 2 h of post-treatment conditions are shown in Figures 2 and 3 . Overall, mice perfused with aCSF spent significantly less time in waking, especially AW (20% ± 2%) and more time in sleep (nonREM sleep, 63% ± 1.70%, and REM sleep, 7% ± 1%) during the 7-h recording period with The arrival and washout of NMDA are shown by solid and blank arrows, respectively. As a control, aCSF was continuously perfused into the PF-LHA. NMDA produced stronger behavioral arousal in WT and a relatively muted effect in HCRT-KO mice. In this case, WT mouse practically spent the entire perfusion time in AW but did not exhibit any cataplectic event. On the other hand, although the effect was relatively muted, cataplectic event or atonia can be seen during behavioral arousal in HCRT-KO mouse (also see Figure 4 ). EEG, electroencephalogram; EMG, electromyogram.
comparable amounts of waking, nonREM, and REM sleep during pre-treatment, treatment, and post-treatment time-slots assigned for NMDA experiments. While the sleep-wake profiles of both aCSF and NMDA treated mice were comparable during pre-treatment and post-treatment phases, during NMDA perfusion into the PF-LHA, HCRT-KO mice spent significantly more time in AW (F = 16.519; P < 0.001) and less time in nonREM (F = 15.859; P < 0.001) and REM sleep (F = 3.316; P = 0.007; Figure 3 ). Of the 2 doses used, 500 µM NMDA-induced AW with concomitant decreases in nonREM and REM sleep, were significantly greater compared to those induced by 250 µM of NMDA treatment; 250 µM NMDA only marginally increased AW and suppressed nonREM and REM sleep. As compared to aCSF or baseline control, both doses of NMDA did not affect QW. The sleep-wake profiles of animals where NMDA perfusion was not in the HCRT zone of the PF-LHA were NMDA induced a dose-dependent increase in AW and suppression of nonREM and REM sleep in both HCRT-KO and WT mice. In those cases where the microdialysis probes were not localized in the PF-LHA, even 500 µM of NMDA was not effective in inducing any noticeable change in sleep-wake profiles of animals (shown in Figure) . ++, = , **, < 0.01; +, -, *, < 0.05 level of significance (one-way repeated measure ANOVA followed by Student-Newman-Keuls method), +, increase as compared to the baseline; -, decrease as compared to the baseline.
comparable to those observed in aCSF-treated animals across the experiment.
During NMDA perfusion into the PF-LHA, HCRT-KO mice also exhibited significantly longer bouts of AW (46 ± 9 s [aCSF] vs. 100 ± 24 s [250 µM NMDA] and 225 ± 62 s [500 µM NMDA]; F = 6.029; P < 0.001) with concomitant shorter bouts of nonREM (98 ± 6 s vs. 94 ± 13 s and 54 ± 7s; F = 6.235; P < 0.001) and REM sleep (75 ± 10 s vs. 64 ± 13 s and 32 ± 15 s; F = 1.568; P = 0.174). While the number of AW episodes during NMDA treatment was comparable to that observed during aCSF treatment (15 ± 1 vs. 17 ± 3 and 14 ± 2; P = 0.649), the number of nonREM (25 ± 3 vs. 21 ± 2.0 and 10 ± 3; F = 4.643; P < 0.001) and REM sleep episodes (4.8 ± 0.6 vs. 3.4 ± 0.6 and 1.6 ± 0.6; F = 3.433; P = 0.006) decreased significantly.
Effects of NMDA on Cataplexy in WT and HCRT-KO Mice
In WT mice, no behavioral arrest or cataplectic event was observed during baseline or aCSF perfusion. No such event was observed even during NMDA perfusion, when WT mice spent significantly longer time in AW with longer AW episodes (Figure 2) .
The HCRT-KO mice, on the other hand, exhibited cataplexy, although rarely during baseline and more frequently during NMDA perfusion. An example of a cataplectic event and the number of times mice exhibited such events during the 2 h of baseline, 3 h of treatment with aCSF vs. 250 µM and 500 µM of NMDA, and 2 h of post-treatment duration are shown in Figure 4 . Overall, during aCSF perfusion, mice rarely exhibited behavioral arrests during the 7-h recording period with comparable number of events during pre-treatment, treatment, and post-treatment time-slots assigned for NMDA experiments. While the numbers of cataplectic events in HCRT-KO mice treated with both aCSF and NMDA were comparable during pre-and post-treatment phases, during NMDA perfusion into the PF-LHA, these mice exhibited significantly higher frequency of such events (F = 6.397; P < 0.001) in a dose-dependent manner. The number of cataplectic events in HCRT-KO mice, where NMDA perfusion was not in the HCRT zone of the PF-LHA was comparable to that observed in aCSF treated animals across the experiment (Figure 4 ).
Differential Effects of NMDA in WT vs. HCRT-KO Mice
As noted above, while both 250 µM and 500 µM of NMDA induced significant behavioral changes in WT mice, only 500 µM of NMDA was effective in significantly influencing behavioral states in HCRT-KO mice (Figure 3) . A comparison of the sleepwake profiles of HCRT-KO vs. WT mice in response to 500 µM of NMDA into the HCRT zone of the PF-LHA is shown in Figure 5 . While the sleep-wake profiles of HCRT-KO and WT mice during baseline and post-treatment period were comparable, 500 µM of NMDA produced differential effects in HCRT-KO and WT mice.
NMDA-induced AW was significantly higher in WT mice than in HCRT-KO mice. Although the number of AW episodes was comparable, the mean duration of AW episodes in WT mice was also significantly longer than that induced in HCRT-KO mice. Concomitantly, NMDA-induced suppression of nonREM sleep was significantly stronger in WT mice than that observed in HCRT-KO mice. There was a significant shortening of nonREM sleep bouts or episode duration in both groups; however, the magnitude of this effect was relatively small in HCRT-KO mice as compared to the WT mice (−50 ± 4 vs.−71 ± 11; as compared to respective baselines; NS). There were significant reductions in REM sleep amount as well as the duration of REM sleep episodes in both HCRT-KO and WT mice. However, although not significant, in general HCRT-KO mice exhibited relatively smaller magnitude of suppression in REM sleep as well as the shortening of REM sleep episodes (−40% ± 24% vs. −79% ± 9%, as compared to respective baselines; NS; Figure 5 ). HCRT-KO mice also exhibited more episodes of nonREM (20.5 ± 1. An event that included atonia with EEG theta activity and which was immediately preceded and followed by AW was considered as a cataplectic event. (B) Number of cataplectic events (mean ± SEM) encountered during baseline, during two doses of NMDA treatment and during recovery period. In those cases where NMDA perfusion was not in the HCRT zone, only the effect of 500 µM of NMDA is shown. Such events were rare during lights-on phase in spontaneously sleeping and awake animals and even in those animals where NMDA was not in the HCRT zone. However, the number of cataplectic event increased significantly during NMDA perfusion. No cataplectic event was observed in WT mice either during baseline or during NMDA-induced AW (not shown). *, < 0.05 level of significance (one-way ANOVA followed by Student-Newman-Keuls method).
During NMDA-induced AW, while WT mice did not exhibit any behavioral arrests, the frequency of cataplectic events increased significantly in HCRT-KO mice (Figure 4) .
DISCUSSION
This study demonstrates that the activation of glutamatergic transmission in the PF-LHA, produced by local perfusion of an NMDA receptor agonist via reverse microdialysis, increased AW with concomitant suppression of nonREM and REM sleep in spontaneously sleeping and undisturbed WT as well as HCRT-KO mice. However, as compared to the WT, NMDAinduced behavioral changes were significantly attenuated in HCRT-KO mice. In HCRT-KO mice, a higher dose of NMDA was needed to produce a significant behavioral response, as the Figure 5 -Effects of 500 µM of NMDA on sleep-wakefulness in HCRT-KO vs. WT mice. Effects of 500 µM of NMDA on mean (± SEM) percentages of AW, QW, nonREM, and REM sleep (A) and on mean episode duration of AW, QW, nonREM, and REM sleep (B) in HCRT-KO versus WT mice. ++, = , **, < 0.01; +, -, *, < 0.05 level of significance (one-way ANOVA followed by Student-Newman-Keuls method), +, increase as compared to the baseline; -, decrease as compared to the baseline, *, as compared to the WT.
magnitude of changes induced in sleep-wake parameters by NMDA were significantly lower. The frequency of behavioral arrests or cataplexy also increased significantly during NMDA treatment in HCRT-KO mice. The findings of this study suggest that synergic interactions between HCRT and glutamatergic mechanisms within the PF-LHA is critical for maintaining behavioral arousal and associated muscle tone.
In this study, microdialysis probes were largely localized in the HCRT zone of the PF-LHA. Therefore, it is likely that NMDA-induced differential behavioral changes as observed comparing WT versus HCRT-KO mice were caused by the activation of neurons in the diffusion field of the microdialysis probe including HCRT neurons in the PF-LHA. It is also likely that the observed effects were physiological response to the NMDA because: (a) aCSF perfusion at the same site and in the same animal was not effective in inducing behavioral changes; (b) the effects were reversible; (c) the effect was site specific, for NMDA was maximally effective in HCRT zone and produced minimal effects if its perfusion was not within the PF-LHA; and (d) the effects were dose-dependent. We further note that unlike microinjection, drug delivery via reverse microdialysis provided a better control of drug concentration and its delivery in undisturbed animals and also reduced the likelihood that treatment effects could be due to mechanical or inflammatory responses.
44
The findings that NMDA stimulation in the HCRT zone of the PF-LHA produced behavioral arousal or AW and suppressed nonREM/REM sleep is consistent with and complementary to a previous report in the rat, where local microinjection of glutamic acid into the PF-LHA produced arousal and suppressed spontaneous nonREM/REM sleep. 26 PF-LHA contains a mixture of neuronal populations, including wakeactive non-HCRT neurons as well as MCH and GABAergic neurons that have been implicated in the regulation of sleep. [45] [46] [47] [48] [49] The relative distribution of NMDA receptor on various neuronal subgroups, in particular on GABAergic and MCH vs. HCRT neurons, is not well characterized. However, given the findings of this study that the net physiological output of the HCRT PF-LHA activation was AW-promoting, it is likely that behavioral changes observed in this study were predominantly caused by the activation of wake-active HCRT and perhaps by other neurons of unknown neurotransmitter phenotypes. NMDA potentially activated a glutamatergic-HCRT-glutamatergic/HCRT positive feedback loop in the diffusion field of the probe leading to further activation/recruitment of other wakepromoting neurons locally as well as at HCRT projections to major arousal systems including basal forebrain, locus coeruleus (LC), dorsal raphe nucleus (DRN), and tuberomammillary nucleus (TMN), resulting in the manifestation of stronger behavioral arousal (see Figure 2 ) and consequent suppression of non-REM/REM sleep. That PF-LHA neurons including HCRT neurons are under glutamatergic influences is supported by the findings that glutamate is co-localized with HCRT neurons, and the excitability of the HCRT neurons, in part, is modulated by local glutamatergic synaptic inputs (see Introduction). Furthermore, we found that whereas the frequency of AW episodes, potentially reflective of state initiations remained unaffected, the episode duration increased significantly. This suggests that HCRT neurons are potentially critical for maintaining sustained behavioral arousal.
Evidence suggests that glutamatergic system plays a role in the promotion/maintenance of wakefulness (see introduction). In this study a comparison of the sleep-wake response profiles of HCRT-KO vs. WT mice to the PF-LHA glutamatergic activation suggest synergistic and complementary roles of the two systems in the control of behavioral arousal. A key finding of this study is that the ability of NMDA to induce AW and suppressing nonREM/REM sleep was significantly compromised in HCRT-KO mice. It is not surprising given the large body of evidence implicating HCRT neurons in the regulation of behavioral arousal and associated muscle tone with concomitant suppression of nonREM/REM sleep. For example: (a) HCRT neurons exhibit maximal discharge during AW (behavioral arousal), particularly in association with muscle movement, that decrease dramatically (4~5 fold) during QW/drowsy state and decrease further during nonNREM and REM sleep [9] [10] [11] ; (b) consistent with the discharge activity, Fos-IR in HCRT neurons or levels of HCRT in cerebrospinal fluid are higher during active-arousal 38, 50 ; (c) a loss or malfunction of HCRT system leads to cataplexy in human and animal models 1, 4, 8 ; and (d) administrations of HCRT-peptide, either centrally or locally at projection sites, suppress cataplexy or behavioral arrests and increase wakefulness. 1, 4, 8, 51 These findings indicate that HCRT neurons are central to behavioral arousal consisting of higher muscle tone/locomotion. And therefore, a compromised response to glutamatergic activation might be a consequence of inadequate activation, due to the lack of HCRT production, of local and well as other wake-promoting systems in the HCRT circuitry.
Interestingly, in this study the frequency of behavioral arrests or cataplectic events increased in NMDA-induced arousal in HCRT-KO mice, while no such event was observed in its WT counterpart. It is plausible that a normal function of HCRT is to maintain muscle tone and that with HCRT cell activation, the concurrent activation of non-HCRT cells (or perhaps of "HCRT cells" lacking HCRT in the HCRT-KO mice) in the PF-LHA suppress muscle tone. Therefore, in the intact animal, a balance is maintained during behavioral arousal. However, with the activation of this area in the absence of HCRT signaling, an imbalance, leading to occasional loss of muscle tone occurs during behavioral arousal, as observed in this study.
In this study, glutamatergic activation of the HCRT zone was effective in promoting behavioral arousal and suppressing nonREM and REM sleep even in HCRT-KO mice, although to a lesser extent. This could be due to the fact that in the PF-LHA, HCRT neurons constitute only a subset of neuronal population, which is active during AW and quiescent during nonREM or nonREM-REM sleep. 48, 52 Therefore, it is likely that NMDA-induced behavioral changes in HCRT-KO mice were caused by the activation of those wake-active non-HCRT neuronal populations. It is also plausible that in HCRT-KO mice, while HCRT production is compromised, the neuronal network as well as other neurotransmitters signaling molecules that co-localize with HCRT neurons including dynorphin, glutamate, and Narp remains intact. 53, 54 Fibers containing such co-transmitters are found intermingled with HCRT terminals in many wake-promoting areas including aminergic cell groups, namely, TMN, LC, and DRN, and thus may complement HCRT actions. 32 For example, evidence suggests that dynorphin increases the excitability of TMN neurons by suppressing its GABAergic input. 55 Therefore, it is likely that some of those co-peptides and/or co-transmitters released by glutamatergic activation of HCRT neurons contributed to behavioral changes by acting locally as well as at HCRT projection sites.
In conclusion, the results of this study are consistent with earlier findings that HCRT system within the PF-LHA is critically involved in the regulation of behavioral arousal and associated muscle tone. However, the effectiveness of glutamatergic stimulation in the PF-LHA to promote behavioral arousal even in HCRT-KO mice suggests that other non-HCRT neuronal groups or other neurotransmitters/neuropeptides that colocalize with HCRT neurons contribute to the regulation of behavioral arousal as well. The neurotransmitter phenotype of these neurons and their relative contributions or the role of co-transmitters in influencing HCRT circuitry remains to be fully characterized. This study indicates that glutamatergic system within the PF-LHA is one of such player. It is likely that synergistic interactions between HCRT and glutamatergic systems within the PF-LHA rapidly activate multiple arousal systems via fast-acting glutamatergic mechanism leading to wake onset, whereas a relatively slower and stable release of HCRT peptide stabilizes the activation of such neurons to maintain behavioral arousal, especially that involving elevated muscle tone.
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